Abstract The potential applications of one-dimensional nanostructured materials widely depend on their shape and size. This paper deals with a method for synthesizing and characterizing silver nanowires through an organic solution. The so-called polyol method was used to synthesize silver nanowires in which ethylene glycol was used as both media and the reducing agent. Adequate CuCl 2 /ethylene glycol solution is used to prohibit chemical etching by the oxygen on nanowires surfaces. The effects of CuCl 2 concentration and the addition rate of AgNO 3 were examined. It was revealed that by optimizing the parameters, silver nanowires with aspect ratios of up to 32 are accessible. To characterize the structure and morphology of nanowires, X-ray powder diffraction, UV-Vis spectroscopy, scanning electron microscopy and atomic force microscopy were used.
Introduction
Presenting a straightforward method for synthesizing nanostructured materials is becoming a hot area of research because of their potential applications in optic, electronic and magnetic devices [1] [2] [3] [4] [5] . Among all 1D nanostructures, a great deal of effort has been made to synthesize silver nanowires due to their highest electrical and thermal conductivity among all metals [6] . Using chemical methods, various routes have been used for synthesizing silver nanowires.
Xia et al. [7] demonstrated a large-scale method for synthesizing silver nanowires in which ethylene glycol (EG) acts as both solvent and the reducing agent. Polyvinylpyrrolidone (PVP) acts as a capping agent that blocks the {100} planes of the formed multiply-twinned particles (MTPs), thus helping the formation of silver nanowires. However, in such self-seeding process, the products may face some problems such as non-uniformity. Many studies have already dealt with finding the most effective parameters in polyol synthesis of silver nanowires. Nishino and Kanno [8] concluded that high PVP concentrations inhibit the growth of silver particles. Moreover, Wang et al. [9] revealed that longchain PVPs improve the aspect ratio of nanowires. In another study, Amirjani et al. [10] enhanced the aspect ratio of silver nanowires using response surface methodology.
The addition of trace amounts of salts to the polyol synthesis of metal nanostructures has also been shown to influence the morphology of the resulting material. Korte et al. [11] introduced a salt-mediated polyol method to overcome the non-uniformity of the silver nanowires. Xia et al. [12] investigated the addition of NaCl and NaBr salts into the polyol synthesis of silver nanocrystals and concluded that silver nanobar and nanorice are obtainable using these salts. Moreover, Korte et al. [11] concluded that Fe(II) and Fe(III)-containing salts facilitate the growth of one-dimensional Ag nanostructures.
The different values reported for the above-mentioned factors can be explained by the various materials synthesized in these works, as well as the level of other pertinent factors employed in each study. Furthermore, the appropriate level of a factor might also be influenced by the level of the other factors in the synthesis process. In experimental parlance, there might be an interaction between factors in such a process. A survey of the published literature on Ag nanowire synthesis provides limited clues as to whether such interaction between the addition rate of AgNO 3 and CuCl 2 concentration exists or not. The aim of present work was to identify the interactive role of these two factors in the growth mechanisms of silver nanowires.
Materials and methods

Reagents and solutions
Silver nitrate (AgNO 3 ) was purchased from Scharlau (Spain). Copper chloride dehydrate (CuCl 2 Á2H 2 O) and ethylene glycol were purchased from Merck. PVP (K-30, MW&40,000) was purchased from Sigma-Aldrich (USA) and all the reagents were used without further purification.
Synthesizing procedure
In a typical synthesis, 10 mL of ethylene glycol was heated at 160°C for 1 h with stirring (260 rpm). Then, 80 lL of CuCl 2 Á2H 2 O/EG solution was added in various concentrations, and the solution was allowed to heat for 15 min. 3 mL of 114 mM PVP/EG was then added to the solution followed by 3 mL of 94 mM AgNO 3 /EG at different rates. The reaction was stopped after an hour by cooling the reaction chamber to room temperature. Four different tests with distinct values of parameters, listed in Table 1 , were done to find out the effect of each factor on the aspect ratio of silver nanowires.
Results and discussion
Characterization XRD pattern of silver nanowires was obtained and depicted in Fig. 1 . The XRD pattern indicates four diffraction peaks observed at 2h = 38.3°, 44.4°, 64.5°a nd 77.4°, corresponding to the (111), (200), (220) and (311) planes of the face-centred cubic (fcc) Ag nanowires (JCPDS File No. 04-0783). The UV-Visible absorption spectrum of nanowires was obtained from a dispersed sample in deionized water and was shown in Fig. 2 . Two known plasmon resonances, the transverse and longitudinal plasmon bands, are obvious in Fig. 2 at 350 and 390 nm, respectively; which are expected for anisotropic metallic one-dimensional nanostructures [13] . SEM images of silver nanostructures were shown in Fig. 3 . AFM image of a single Ag nanowire was shown in Fig. 4 .
Stabilizing mechanism of PVP Multiply-twinned decahedra are the naturally abundant seed morphology, but because of their twin defects, they are also the most reactive. Silver atoms preferentially add to the twin defects of decahedra, leading to uniaxial elongation (Fig. 5) . As decahedra grow into pentagonal nanorods, PVP will interact more strongly with the {100} side facets than the {111} facets at the ends of the nanowire. The side surfaces of nanorods are thus passivated by PVP, while the ends remain reactive toward silver atoms. As a result, nanorods rapidly grow into nanowires tens of micrometers long. back to Cu 1? , providing a constant means for oxygen removal which is schemed in Fig. 6 .
The second benefit results from Cl -ions in the solution. These ions provide electrostatic stabilization for the initially formed Ag seeds. Introducing Cl -ions helps to reduce the concentration of free Ag ? ions in the solution (and subsequently Ag seeds) through the formation of AgCl nanocrystallites [note that K sp (AgCl) ( K sp (AgNO 3 
)]. This decrease in free Ag
? during initial Ag seed formation and subsequent slow release of Ag ? effectively mimics the use of a syringe pump to controllably deliver the reagents; it also facilitates the high-yield formation of the thermodynamically more stable multiply-twinned Ag seeds required for wire growth.
A closer study of the results in Fig. 3 reveals that both high concentration of CuCl 2 and slow AgNO 3 addition rate are important for high-yield synthesis of silver nanowires. When both factors are in their high or low level of values, the results are similar as shown in Table 1 . However, when CuCl 2 concentration is considerably low, accompanied by rapid injection of AgNO 3 (0.4 mmol/min), low aspect ratio silver nanostructures are produced. It was concluded that when the CuCl 2 concentration is sufficiently high, the AgNO 3 addition rate must be kept low to obtain high aspect ratio silver nanowires.
It is worth to note that when CuCl 2 concentration is not sufficiently high (\4 mM), the oxidative etching of small Ag seeds does not take place favourably in the solution. Thus, the formed Ag seeds have various nanostructured shapes that lead to achieving Ag nanowires with low aspect ratio. These results are in compliment with former studies [14, 15] . However, at CuCl 2 concentration &4 mM, the selective oxidative etching of Ag seeds occurs and consequently, the remaining multiply-twinned particles in the presence of PVP, as capping agent, can effectively grow into one dimensional silver nanostructures (nanowire/ nanorod).
Conclusion
Silver nanowires with fairly high aspect ratio were prepared using modified polyol method. The effects of two physicochemical parameters were studied on the aspect ratio of silvernanowires were studied. It was concluded that high concentration of CuCl 2 and slow addition rate of AgNO 3 are vital for producing high aspect ratio of silver nanowires. It was also found that at low CuCl 2 concentrations (\4 mM), the oxidative etching does not take place in a favourable manner, resulting in low aspect ratio nanostructures. These results are applicable for further studies in polyol synthesis of silver nanowires.
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